We have examined whether the toxic effects of homocysteine on cultured endothelial cells could result from the formation and action of hydrogen peroxide. In initial experiments with a cellfree system, micromolar amounts ofcopper were found to catalyze an oxygen-dependent oxidation of homocysteine. The molar ratio of homocysteine oxidized to oxygen consumed was 4.0, which suggests that oxygen was reduced to water. The addition of catalase, however, decreased oxygen consumption by nearly onehalf, which suggests that H202 was formed during the reaction. Confirming this hypothesis, H202 formation was detected using the horseradish peroxidase-dependent oxidation of fluorescent scopoletin. Ceruloplasmin was also found to catalyze oxidation of homocysteine and generation of H202 in molar amounts equivalent to copper sulfate. Finally, homocysteine oxidation was catalyzed by normal human serum in a concentration-dependent manner.
Introduction
Patients with inborn errors of methionine metabolism that result in homocystinuria suffer from recurrent arterial and venous thrombosis (1) (2) (3) . Of particular interest is the premature development of arterial atherosclerosis in these patients (1, 4) . That elevated levels of homocysteine can induce vascular injury has been shown in several model systems. For example, animals parenterally given large doses of methionine, which leads to increased plasma homocysteine levels, develop atherosclerosis and pulmonary embolism (5). Harker et al. (6, 7) found that chronic infusion of homocysteine into baboons induced patchy desqua-mation of endothelial cells in large arteries, release of endothelial cells into circulation, and increased platelet consumption. All homocysteinemic baboons developed typical atherosclerotic lesions. In vitro studies using cultured endothelial cells further support the hypothesis that homocysteine may be toxic to the endothelial cells (8, 9) .
The mechanism whereby homocysteine can injure endothelial cells, however, is not well understood. Wall et al. (9) found that catalase could prevent homocysteine-induced endothelial cell injury in vitro, suggesting that hydrogen peroxide was the mediator. Since copper-catalyzed oxidation of other thiols can lead to reduction ofoxygen with generation ofhydrogen peroxide (10-12), we have examined the possibility that a similar process could occur with homocysteine. The results indicate that copper catalyzes an oxygen-dependent oxidation of homocysteine and that during the reaction hydrogen peroxide is generated. Lysis of cultured endothelial cells follows incubation with homocysteine plus copper but can be completely prevented by catalase.
Methods
Chemicals and buffers. Homocysteine, homocystine, scopoletin, glucose oxidase, superoxide dismutase, catalase, 5,5'-dithiobis-2-nitrobenzoic acid (DTNB),' and human ceruloplasmin, type X were purchased from Sigma Chemical Co. (St. Louis, MO). Ceruloplasmin was further purified by sequential chromatography over Sephadex G-200 (Pharmacia Fine Chemicals, Piscataway, NJ), to obtain the monomeric protein, followed by Chelex 100 (Bio-Rad Laboratories, Richmond, CA) to remove free copper. Cupric sulfate and ferrous sulfate were obtained from J. T. Baker Chemical Co. (Phillipsburg, NJ) and horseradish peroxidase was from Worthington Diagnostics Div., Millipore Corp. (Freehold, NJ). Reagents were freshly prepared in phosphate-buffered saline (PBS) and kept in a sealed tube on ice until used. The composition of balanced salt solution (BSS) used for the cell-free experiments was as follows: KCl, 0.4 g/liter, K2H2PO4, 0.06 g/liter; MgCl2. 6H20, 0.1 g/liter, NaCl, 8 .0 g/liter; NaHCO3, 0.35 g/liter, Na2HPO4 *7H20, 0.09 g/liter; glucose, 1.0 g/liter; CaCl2 *6H20, 0.147 g/liter, pH 7.4. Normal human serum was pooled from three healthy individuals and was stored at -20°C until used.
Oxidation of homocysteine. Loss of reduced sulfhydryl (SH) was measured with Ellman's reagent (DTNB) as previously described (13) . For experiments performed in the presence of serum, the reaction of DTNB with serum SH groups was corrected for at each concentration.
No oxidation of serum SH groups was observed during the 10-min incubation period.
Oxygen consumption. These studies were performed with a Clark oxygen electrode and oxygen monitor (Yellow Springs Instrument Co., Yellow Springs, OH) in a volume of 3.0 ml as previously described (14 100% serum, 12.4±2.9 MM/l0 min, mean±1 SD, n = 3). Therefore, oxygen consumption due to serum alone was subtracted from each result obtained in the presence of homocysteine plus serum.
Hydrogen peroxide generation. The horseradish peroxidase (HPO)-dependent oxidation of scopoletin was measured using a fluorescent spectrophotometer (model MPF-2A; Perkin-Elmer Corp., Norwalk, CT) as previously described (15) . Except as noted, all assays were performed in 1 x 1-cm cuvettes containing 2.5 ml BSS, 4 MM scopoletin, and 2.2 uM HPO at 370C. The initial rate of H202 generation was determined immediately after mixing all reagents in the cuvette. For some experiments, to determine the amount of accumulated H202 during the reaction, scopoletin and HPO were added after 3 min and the immediate loss of fluorescence was recorded.
Cell culture. Human umbilical vein and bovine aortic endothelial cells were isolated by collagenase treatment of vessels as previously described (16) . Human aortic smooth muscle cells were a gift from Dr.
Russell Ross, University of Washington, Seattle, WA, and were isolated from vessel explants as previously described (17) . Human endothelial cells were maintained in 20% fetal calf serum (FCS) (Hyclone Laboratories, Logan, UT) and the bovine endothelial cells and human smooth muscle cells in 10% FCS in either RPM1 1640 (human umbilical vein cells) or Waymouth's (bovine and human aortic cells) medium MB 752/1 (Gibco, Grand Island, NY). The human umbilical vein endothelial cells were used in first passage and the bovine aortic endothelial cells were used in 8th-16th passage. Human aortic smooth muscle cells were tested in fifth passage.
"Cr-release assay. The "Cr-release assay was performed as previously described (16). Briefly, cells from the same strain and passage were plated in Falcon microtest II plates (Falcon Labware, Division of Becton-Dickinson & Co., Oxnard, CA) at a density of 10' cells/cm2 providing a visually confluent monolayer after overnight incubation. "lChromium ("Cr) as sodium chromate (1 mCi/ml in saline, 200-500 Ci/g, New England Nuclear, Boston, MA) was added at the time of plating at a concentration of 10 MCi/ml. After an 18-24-h incubation and labeling, the monolayers were washed with three rapid, successive well-volume exchanges of PBS with 10% FCS dispensed by pipette and removed by vacuum aspiration (5 psi). After the final wash, test medium was added to a final volume of 100 Ml per well. Incubations were conducted for up to 6 h at 370C in 5% CO2. 100 Ml of cell-free supernatant medium were removed for determination ofspecific "Cr-release, calculated as follows: A -B/C -B X 100%, where A represents the mean test "Cr cpm released, B represents the mean spontaneous "Cr-cpm released, and C represents the mean maximum "Cr-cpm released. Maximum "Cr-release was determined by incubation in 0.1% Triton X-100 (New England Nuclear). Spontaneous "Cr-release was determined in control monolayers incubated in Waymouth's medium with 10% FCS and was 5-15% of maximum "Cr-release after a 6-h incubation. Statistical significance was determined by comparing mean test and mean control "Cr-cpm released by two-tailed, unpaired t statistic.
Results
Influence ofcopper on homocysteine oxidation and oxygen consumption. In BSS treated with Chelex-100 to remove Cu++ or containing 1 mM EDTA, <3% of 500 MM homocysteine was oxidized at 37°C during exposure to air for up to 60 min (n = 3). Adding increasing amounts of Cu++ to homocysteine in BSS, however, caused oxidation of the thiol and consumption of oxygen in a dose-dependent fashion (Fig. 1, Fig. 2 ). Over the range of copper concentrations The results indicate that when added to homocysteine, serum promoted consumption of oxygen and oxidation of the thiol in a dose-dependent fashion (Fig. 3) . In this case, however, the molar ratio of homocysteine oxidized to oxygen consumed was higher than that seen in buffer alone (6.3±0.8, n = 5).
To confirm that oxygen was necessary for the copper-catalyzed oxidation of homocysteine, the reaction was carried out under nitrogen. In air, 60.7±9.7% of 500 MM homocysteine was oxidized in the presence of 50 MM Cu++ in 10 min (mean± 1 SD, n = 3), whereas under N2 <1% was oxidized (P < 0.00 1). These results indicate that Cu++ catalyzes an oxygen-dependent oxidation of homocysteine. Further experiments were then performed to determine whether oxygen was reduced to H202 during the reaction.
Generation of hydrogen peroxide. Initial evidence for generation of H202 was the finding that catalase (1,000 U/ml) decreased oxygen consumption in the presence of 500 MM homocysteine plus 10-50 AM Cu++ by 42.4±4.4% (n = 6, Fig. 1 ). Similarly, adding catalase decreased oxygen consumption in the presence of 500 MM homocysteine plus 75% normal human serum by 55.7±9.3% (n = 3), (Fig. 3) . H202 generation was then measured by the HPO-mediated oxidation of fluorescent scopoletin as described previously (14, 15). For comparison, the generation of H202 by the glucose oxidase plus glucose system was also measured. In the absence of HPO, homocysteine failed to cause oxidation of scopoletin (not shown). In the presence of HPO, adding 50-500 MM homocysteine caused scopoletin to be oxidized in a dose-dependent fashion (Table I) . Catalase inhibited the rate ofscopoletin oxidation as did EDTA (Table I) . Consistent with the latter finding, low levels ofCu++ ('0.5 MM) were found to be present in the reaction mixture by atomic absorption anal- ysis. In contrast, EDTA augmented the rate of H202 generation seen with glucose oxidase; as expected, catalase decreased the rate (Table I) . Finding a molar ratio of homocysteine oxidized to oxygen consumed of -4.0 suggested that little H202 would accumulate during copper-catalyzed oxidation ofhomocysteine. To confirm this possibility, the amount of H202 that remained after a 3-min reaction was determined. The results indicate that virtually no H202 accumulated in the presence of 50-500 ,uM homocysteine (Table I) . Furthermore, although H202 did accumulate in the presence of glucose oxidase, adding homocysteine to glucose oxidase decreased H202 remaining after 3 min in a dose-dependent fashion (Table I) .
In other studies, adding 0.1-5.0 MM Cu++ to 250 MM homocysteine in the presence of200 MM EDTA resulted in a dosedependent increase in the rate of H202 generation (Fig. 4) . Concentrations of Cu++ >5.0 AM, however, decreased formation of H202 as measured by this assay (Fig. 4) . Copper in the form of ceruloplasmin also catalyzed generation ofH202 in the presence of homocysteine in a manner nearly identical to that seen with CuSO4 (Fig. 4) .
Effect ofhomocysteine on cultured endothelial cells. In Waymouth's medium containing 10% FCS (Cu++, <0.1 AM), homocysteine in concentrations up to 5 mM failed to induce lysis ofcultured bovine or human endothelial cells in a 6-h incubation (data not shown). With the addition of 2 AM Cu++ to homocysteine, a time-and dose-dependent lysis of cultured bovine aortic endothelial cells was seen (Fig. 5) , whereas homocysteine plus copper was without effect (Fig. 5) . Copper in the form of ceruloplasmin was equally as effective as copper sulfate in promoting endothelial cell lysis by homocysteine (Fig. 6 B) , but ferrous sulfate was not (Fig. 6 A) . The lysis of endothelial cells by homocysteine and copper was prevented by the addition of catalase but not by boiled catalase or superoxide dismutase (Table  II) , which indicates that hydrogen peroxide or a hydrogen peroxide-derived product was a critical mediator of cell lysis. The cytolytic effect of homocysteine and copper and the protective effect of catalase were confirmed by examination of the monolayer by phase contrast microscopy ( Fig. 7) . Of note, both human and bovine endothelial cells were more susceptible to lysis by homocysteine and copper than were smooth muscle cells (Fig. 8) .
Because the susceptibility of cultured endothelial cells to oxidant lysis differs between strain and passage number within the same strain (18) , individual experiments were always performed with cells from the same strain and same passage. All experiments, however, were repeated with a different strain of endothelial cells. Other than minor differences in susceptibility to hydrogen peroxide-mediated lysis between strains (e.g., 80% lysis in Fig. 6 A vs. 40% lysis in Fig. 6 B after exposure to homocysteine, 500 uM, and Cu+, 2 MM), similar results were obtained with the different strains. 
Discussion
The results of this study confirm and extend those of Wall et al. (9) and suggest a mechanism whereby elevated levels of homocysteine could injure endothelial cells through copper-catalyzed generation of H202. The data indicate that in physiologic buffer copper catalyzes an oxygen-dependent reaction with homocysteine, leading to oxidation of the thiol and reduction of molecular oxygen. Our finding of -4.0 mol of thiol oxidized for each mole of oxygen consumed in buffer suggests that the major reduction product of oxygen was water. This hypothesis was supported by the failure of H202 to accumulate during the brief reaction period. Furthermore, the results indicate that homocysteine itself can scavenge H202. Nevertheless, the finding that catalase decreased oxygen consumption seen with copper plus homocysteine by >40% suggested that H202 was formed during the reaction. Confirming this possibility, H202 was directly detected during copper-catalyzed oxidation of homocysteine by the HPO-catalyzed oxidation of scopoletin. The results which contains 15 ,uM copper, primarily as ceruloplasmin (19) , was also found to catalyze oxidation of homocysteine and oxygen consumption. The higher molar ratio of homocysteine oxidized to oxygen consumed seen in serum suggests the reaction may have been more complex than that in buffer alone. Although H202 formation was not directly measured in the presence of serum, the finding that catalase decreased oxygen consumption seen with homocysteine in the presence of 75% serum by nearly one half strongly suggests its formation.
It has been recognized for a number of years that copper catalyzes oxidation ofvarious other thiols, in the process reducing molecular oxygen (10, 11, 19, 20 (18) or to inherent resistance independent of such enzymes (26).
Substantial evidence implicates homocysteine as a factor in development of atherosclerosis (1) (2) (3) (4) (5) . In addition to the finding that patients with homocystinuria develop premature atherosclerosis (1, 2) , infusion of homocysteine into baboons results in endothelial damage and development of atherosclerotic plaques (6, 7) . Deposition ofplatelets at sites ofendothelial injury, leading to release offactors such as platelet-derived growth factor, which stimulate proliferation of vascular smooth muscle cells, may contribute to the pathogenesis of atherosclerosis (27) . Untreated patients with homocystinuria have levels ofhomocysteine in the range of 100-200 gM, measured as the disulfides of homocyst(e)ine and homocysteine-cysteine (2, 3). Also, levels of ceruloplasmin are increased in these patients (28). These findings, together with our results, raise the possibility that vascular injury in patients with homocystinuria could be mediated by hydrogen peroxide generated by copper-catalyzed oxidation of homocysteine.
Abnormal methionine metabolism with appearance of increased levels of homocysteine or homocysteine-cysteine disulfide in circulation may reflect heterozygosity for cystathionine synthase deficiency and has been found in other groups of patients at risk for accelerated atherosclerosis. These include some patients with premature occlusive cerebrovascular and peripheral vascular disease (29, 30) . Also, elevated plasma levels of homocysteine have been found in many normal males as well as postmenopausal females (31) (32) (33) , and in patients with renal failure (34), including those on dialysis (35) and following renal transplantation (36). Levels of homocysteine found in plasma of these patients, however, are considerably lower than those found in homozygous homocysteinemic patients, e.g., ,uM homocysteine. Whether such low levels of homocysteine can injure endothelial cells by generation of hydrogen peroxide is unknown. It is possible, however, that in these patients indirect effects of hydrogen peroxide may also play a role in the pathogenesis of vascular disease. These effects could include increasing serum levels of lipid hydroperoxide (37) with potentially important effects on arachidonate metabolism (38) , inhibiting endothelial cell prostacyclin synthesis (39) or increasing oxidation of low density lipoproteins, contributing to increased uptake by arterial wall macrophages or smooth muscle cells (40). Further studies are needed to examine these possibilities.
